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I. ABSTRACT
The overall manufacturing process ofa multilayer metallic thin film, from the
initial stages of oxidation of the virgin wafer to the analysis of th~ deposited layer,
has been studied in this work. The work involved the usage of Ultrahigh Vacuum
(UHV) sputtering system for depositing thin films, profilometer for thickness
measurements and Differential Thermal Analysis (DTA) and Differential Scanning
Calorimetry (DSC) techniques for analyzing the thermal properties of the deposited
films.
The study also focussed on the calibration of the Differential 11lermal
Analyzer for determining the thermal conductivity and the cell specific heat, the
determination of the rate of deposition for sputter deposited copper and the
temperature calibration ofthe substrate stage in the sputtering deposition system. The
study also included the thermal lag correction, the temperature and heat flow
calibration of the Differential Scanning Calorimeter and the analysis of sputter
deposited NilAl and Nb/AI multilayers.
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In 1980, Gordon Moore, co-founder of the present Intel Corporation,
observed that ever since the advent of the first integrated circuit in mid-sixties, there
is an approximate "doubling" of the number of devices coming on each chip every
eighteen months (White and Trybula, 1996). This theory became popular as
"Moore's Law" and the present industry experts believe that the development of
memory devices and microprocessors will follow "Moore's Law" for another 15
years (Studt, 1995).
Some studies in the recent past by semiconductor industry analysts have
shown that the worldwide sales of all types of semiconductors retreated by 8.6% in
1996, due to excessive capital spending in 1995 (Amatruda, 1997). But yet, there is
a prediction of a bullish semiconductor market between 1997 and 2001 as can be
seen in Figure 1.1 (Semi, 1996). This is due to the long-term positive outlook for the
personal computer, communications and multimedia markets, supported by an
absence of a significant over-capacity for leading-edge device production.
The increase in the number ofdevices per chip with a parallel increase in the
pattern densities and other measures of perfonnance requires the advancement of
manufacturing technology in every sector in the semiconductor fabrication. Low
- -------
temperature processes instead ofhigh t~mperat1.Jie ones,~4Igle-wafer insteiiClOfJJl!tclJ.--
2
---------
.mamJiacturing, plasma based instead of~ low pressure basecl, comp~.und
semiconductor chips in place of Si chips to facilitate faster communication are some
of the changes that are taking place in semiconductor manufacturing towards
achieving the goal of increased densities. In the process ofmeeting the future needs,
the industry js also making a transition from the present 200 mm to 300 mm wafer
technology, with the associated changes in the automation and control tools (Drew
et aI., 1997). The testing, assembly and packaging industry is also advancing with
developments in flip-chip techniques, Ball Grid Arrays (BGAs) and Multi Chip
Modules (MCMs) to accommodate the rapid changes in the front end manufacturing
(Puttlitz and Shutler, 1995; Marrs 1996).
It is estimated that plasma based processes will play a do~inant role in the
. semiconductor industry (Schuegraf, 1988). The use of plasma will facilitate
operations like deposition, wafer cleaning, etching etc., to take place at relatively
lower temperatures thus preventing the damage of the highly dense patterns on the
chip that can take place at high temperatures (Elliott, 1989).
\
Compound semiconductors like GaAs can be used for high speed applications /(
such as chips for mobile and satellite communications owing to their higher mobi~
of free electrons and higher saturated drift velocity. But, they are to be processed
below 500°C to prevent the dissociation of GaAs and the destruction of metallic
----~~-~-----
onmiccontacts at mgher temperatures; Plasma~assisted operationsar~ ~l§o_ f()l1!1~ t()
3
s
bel.lSeful irithe pI'ocessingofGaAsdevicesas plasma supplies the same amount of,
~
energy to the system for the reaction to take place at lower temperatures (Williams,
1985).
The use of plasma is also observed in metal deposition through the process
of sputtering. Sputtering is a physical vapor deposition technique which makes use
----------~-
of charged inert particles (like Ar+) in a plasma that collide with the target material
(the material to be deposited), eject it out ofthe surface material and deposit it on the
source material (Si wafer)(Wolfand Tauber, 1986).
This study concentrates on characterizing the metallic layers thus formed by
the process of sputtering. The characterization is done by various thermal analysis
techniques such as Differential Thermal Analysis (DTA) and-Differential Scanning
Calorimetry (DSC). Many important results like the heat of transformation, phase
transformation temperature and $e reaction temperature of the sputter-deposited
metallic multilayers have been studied.
The materials that have been studied in this work are Nb/AI and NilAI
multilayers, which react to form a series ofaluminides. The first ofthese aluminides
are NbAI3 and NiAl3 with the D022 crystal structure (Barmak et al., 1990). The
formation ofcompounds such as aluminides or silicides in the reaction of thin films
is of importance to metallization schemes in semiconductor manufacturing.
4
It isimportant1e'caIibratethe sputtering systemfor the rate ofdeposition of
various metals so that it is possible to deposit the required thi~bIess of a material by
l\o
varying the power applied to the target material and by selecting the tinle of
deposition. This calibration has also been studied as part of this work by using a
profilometer to measure the thickness of the film deposited.
The substrate that sits on the stage in the sputtering chamber is sometimes
heated during the process ofsputtering. It is therefore important to know the actual
temperature of the substrate, which is often a silicon wafer. The vacuum inside the
sputter chamber makes it necessary to use special techniques for measuring the
temperature, as the main mode of heat transfer in vacuum is radiation with
conduction and convection being negligible (McGee, 1988). This study also deals
with such a temperature calibration ofthe substrate stage inside the sputter chamber.
The calibration ofthe main thennal analysis instrument, Differential Thermal
Analyzer (DTA), is done to rmd the thermal conductivity and the cell specific heat.
These values will facilitate the calculation ofthe power or heat flow during any phase
transfonnation ofa material subjected to differential thennalanalysis (Coffey, 1989).
Finally, the thermal lag correction and the temperature and heat flow
calibration of the Differential Scanning Calorimetry (DSC) have been performed so
that the equipment is consistent in indicating the various thermal events occurring in
a-sample-irrespeetive-of-the-heating-rates-used._
5
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, - 2.BACKGROUND
2.1 Very Large Scale Integration (VLSI) fabrication
The name Very Large Scale Integration (VLSI) is given to the process in
which the number of devices manufactured on a single chip is more than 100,000
(Wolfand Tauber, 1986). With an ever increasiIlg tecoo()logicaJ.-development inthe
field of Integrated Circuit (lC) manufacturing, the number ofdevices available on,a
single chip is also increasing tremendously. Figure 2.1 gives a schematic view ofthe
manufacturing process in VLSI.
2.1.1 An overview of IC manufacturing
The following is a brief description ofthe fabrication process of integrated
circuits (lCs) through VLSI technology (Figure 2.2)(peter Van Zant, 1990) :
a. A pure single crystal structure silicon ingot is made in a silicon growth
apparatus such as the Czochralski (CZ), which is cut into wafers of the necessary
diameter.
b. Then the wafer is subjected to various chemical processes like oxidation,
diffusion, implantation, evaporation and deposition. .
c. Next, the pattern which is to be formed on the wafer is produced using the
.~-~ ----------photolithographie-process-involving-reticle,-lLv--source~-etchants-ancldeyelopers.,~~~~ _
6
d..Then the metalliplayers for conduction are made along the pattern by any
.b..... ..
of the metallization processes such as sputtering, evaporation, etc. Metals like
. ..
. tungsten are also deposited as interconnecting plugs by Chemical Vapor Deposition
(CVD) process to join various metallic layers.
e. The process ofdeveloping passivation layers and metallic layers is repeated
until the required number of layers is obtained.
f. The wafer is then cut into its respective chips.
g. Then each chip is attached to the chip carrier using various packaging and
wire bonding techniques such as Ball Grid Arrays (BGAs) and Controlled Collapse
Chip Connect (C4)(puttlitz and Shutler, 1995).
h. A fmal test of the IC chip is done to verify that it meets the desired
specifications.
2.1.2 Thin film deposition techniques
There are various thin film deposition techniques like Evaporative, Glow
Discharge, Gas Phase and Liquid Phase processes used in semiconductor
. manufacturing. In glow discharges, the electrode and the gas-phase phenomena are
a rich source of processes that can be used to deposit and etch thin films. The
following is a briefdescription ofthe principles, salient features and applications of
sputtering which-is a very important-glow-discharge technique-involving_physical_
vapor deposition (Chapman, 1980).
7
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2.1.3 Sputtering
....,
One ofthe most basic processes of thin film deposition issputtering,-which- _
is the process that involves the ejection of surface atoms from an electrode surface
(called the target) by momentum transfer from bombarding ions to surface atoms.
Therefore, sputtering is clearly an etching process and is in fact used even for surface
cleaning and pattern delineation (Ohring, 1994). There are a variety of sputtering
processes some of which are briefly discussed below :
Diode Sputtering : This uses a plate of the material to be deposited as the
cathode electrode in the glow discharge. Material can thus be transported from the
target to a substrate to fono a film. Films ofpure metals or alloys can be deposited
when using noble gas discharges with metal targets (Figure 2.3) (Chapman, 1980).
RFSputtering: One ofthe drawbacks ofdiode sputtering is that it cannot be
used for sputtering insulators or dielectrics. This is due to the fact that the glow-
discharge cannot be maintained with a dc voltage if the electrode is covered with an
insulating layer owing to the fact that the electrons that are lost from the cathode
surface are not replaced, since electrical conduction from the insulator interior to the
sputtered surface is not possible. RF Sputtering is a technique which uses the
application of ac voltage to the electrodes so that the replenishment of the lost
electrons to the insulator surface is possible (Figure 2.4)(Wolf and Tauber, 1986).
-c-Reactive cSputtel'ing~:-ThiscpmcessJnyolves=~myttering elemental or alloy
targets in reactive gases such as N2 (McLeod, 1983).
8
" .MagrieJrorz Sputtering : This is another variant in sputtering which uses .
1'" •--------~-m-agn~e-tic-·--':fi:l~~~verse to th:electric fields at ·sputteriilg-targ;tsUrfaces. Theiaili
l~ngthof electrons that cause ionizing collisions is increased in this process by using
the magnetic field to confine the electrons near the target surface. Figure 2.5 shows
the influence of a magnetic field on electron motion (Burggraaf, 1982).
There are also other forms ofsputtering such as ion beam sputtering, cluster
beam sputtering, bias sputtering etc. Sputtering is used for depositing metals such
as aluminum, aluminum alloys, platinum, copper, gold, titanium, iron, tungsten and
samarium.
Sputtering has the following advantages when compared to other deposition
techniques such as evaporation (Wolf and Tauber, 1986) :
i. Thickness control ofthe films deposited by sputtering is easier by adjusting
the deposition time at a given power,
ii. The problem of depositing films with uniform thickness over large size
wafers is solved by using large area targets during sputtering,
iii. A better step coverage and grain structure has been observed for sputtered
layers and
iv. It is possible to control the alloy composition of sputter-deposited films.
The sputtering process basically consists of four steps (Schuegraf, 1988) :
9
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. a.Ions are generated by applying a voltage across two tenninals ofa chamber
flped with an inert gas such as argon.
b. These generated ions strike the target and eject the target atoms.
c. These ejected, also called sputtered, atoms are transported to the substrate
where
d. They condense t.'J form a thin film.
2.1.4 Physics of sputtering
The physics of sputtering can be compared to a game of three-dimensional
snooker, played with atoms (Figure 2.6) (Behrisch, 1983). Atoms of the target are
ejected as a result oftwo binary collisions. In the figure, atom A strikes atom B. This
is the first binary collision. As a result of this collision, atom B may leave the point
of impact at an angle greater than 45°. If again atom B makes another collision with
another atom, say atom C in such a way that atom C leaves the point of impact at an
angle greater than 45°, then, it is possible for the atom C to have a total velocity
component greater than 90°. Thus atom C will be directed outward from the surface
and hence becomes a sputtered atom.
10
~.L5 Glow discharge
.'
Actually, the growth chamber wherein the target material is sputtered, can
be considered to be a glow discharge which is a self- sustaining plasma. Plasma is
a word used to define any partially ionized gas containing equal number ofpositive
and negative charges as well as some other number of non-ionized gas particles
01ossen and Cuomo, 1978). So, in this growth chamber filled with inert gas, plasma
is created by maintaining a potential difference between the anode (usually the wafer
on which the sputter layer is to be deposited or any other surface such as the chamber
walls) and the cathode.(usua1ly the target which is sputtered). Then ifa free electron
is introduced into the tube, it will be accelerated by the electric field existing between
the electrodes.
This accelerated electron collides with an atom in the growth chamber and
this collision is of two types (Wolf and Tauber, 1986).
1. Elastic wherein there is no transfer ofenergy between the electron and the
atom and
2. Inelastic wherein there is an energy transfer to the orbital electrons of the
inert gas atoms to cause their excitation or ionization.
If an inelastic collision takes place and if the transferred energy is less than
the ionization potential ofthe inert gas atoms, then the orbital electron will be excited
to a higher energy state and comes back to its ground state giving emission in the
11
form ofvisible-lightphot6ns. This is the reason for seeing a glow during plasma
generation in the growth chamber.
If the energy transferred is more than the ionization potential of the inert gas
.
atoms, then a second free electron will be created which will again become
accelerated and the process is repeated. The inert gas ions will be accelerated towards
the negatively charged cathode (target) and will hit the target surface releasing the
sputtered atom as explained in the section on physics of sputtering.
But, the glow-discharge must be continuously provided with free electrons
to keep it self-sustaining. This is achieved by the release ofadditional electrons from
the target. One of the important mechanisms for such secondary electron emission
from the target or cathode is Auger emission. In this mechanism, when a positive ion
comes near the target, it will appear as a potential-well of 15.67 eV (in case of Ar as
the inert gas) to the free electrons of the target. When these electrons absorb the
minimum amount of energy required to escape the target surface from the positive
ion (which is based on the work function of the target material, usually in the range
of3-5eV), they escape the target surface and the energy difference (15.67 eV - 5 eV)
is absorbed by another target electron near the surface. Now, this electron may then
possess enough energy to be omitted from the target surface. Thus additional electron
emission for continuous glow-discharge is made (Wolf and Tauber, 1986).
~~~--'12~
2.106 SputteringYield
..
Sputtering Yield is defined as the~ber of atoms ejected per incident ion.
.This factor is important as it determines the rate of sputter deposition (Maissel,
1970). This depends on a number of factors such as
a. Direction of incidence of the ions
b. Target material
c. Mass ofbombarding ions
d. Energy ofthe bombarding ions
e. Potential difference between the anode and the cathode in the sputter chamber
2.1.7 Selection criteria for process conditions
The ions ofthe sputtering gas should not react with the growing film or the
material ofthe growth chamber. This limits the selection ofsputtering species to the
noble gases (Stuart, 1983). Among the noble gases, argon is preferred because of its
easy availability. The pressure range of operation is set by the requirements of the
glow discharge and the scattering ofthe targeted (sputtered) atoms by the sputtering
. gas. Electrical conditions are selected to give maximum sputter yield per unit energy.
13
2.2 Thermal Analysis
Thermal Analysis is defmed as the measurement of changes in physical
properties of a material as a function oftemperature while the substance is subjected
to a controlled temperature program (Brown, 1987). The definition of thermal
analysis is also extended to allow for rapid heating of the sample to some elevated
temperature, followed by measurement of the property with time under isothermal
conditions, i.e. at zero heating rate (Meisel, 1984).
The measurements during thermal analysis are usually continuous and the
heating rate is often linear with time. The result of such measurements is a thermal
analysis curve. The features of this curve are related to the thermal events in the
sample (Du Pont, 1987).
The difference in the property of the sample compared to the same property
of any suitable reference material is a convenient way of measuring the thermal
properties ofa sample. The rate ofchange of the sample property with respect to the
temperature is also of interest.
Some ofthe thermal analysis techniques are listed below:
2.2.1 Differential Thermal Analysis (DTA)
DTA is the simplest and most widely used thermal analysis technique. A
schematic djagI'@l ofthe the~~ analysis cell for DTA is shown in Figure 2.7. The
- '-- - ~-. -. ._--------~- ------- - '. - ~-- .-
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reference mass at temperature I r• The total specific heat of the sample mass is Cs•
The total specific heat of the reference material is Cr. Cris ideally equal to Csat all
temperatures (yold, 1976). When the furnace is heated, the increment ofheat, dRs,
is transported across the gas space from the furnace to the sample in time, dt, and this
can be described in the form of a heat flux equation
(2.1)
where Ks is the thermal conductivity of the cell.
A similar equation for the heat flux between the reference and the furnace will
be
(2.2)
IfKs =Kr and Cs =Cr, then any difference in the heat flux will be attributed
exclusively to the reaction processes occurring in the sample. So, subtracting
equation (2.2) from (2.1) we get the appropriate power equation for the quantitative
DIAas
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where
Power =K AT +Cd ~T/dt (2.~} ....
AT is the measured differential temperature between sample and the
reference, i.e. Ts·TT'
K is the cell thermal conductivity which is equal to ~ =~
C is the cell specific heat which is equal to Cs=Cr and
dAT/dt is the rate ofchange of differential temperature with respect to time.
The difference in temperature, AT, between the sample and a reference
material is recorded by their respective thermocouples (Figure 2.7), while both are
subjected to the same heating program. By plotting a curve between AT and TT' a
typical DTA thermal curve is obtained, as shown in Figure 2.8, for further analysis
(Mackenzie, 1969).
Usually, in DTA instruments, a single block with symmetrical cavities for the
sample and reference material is supplied with the same amount of heat by the
furnace (Blazek, 1972). Ifan endothermic thermal event occurs in the sample, then
the temperature of the sample, Ts' will lag behind the temperature ofthe reference,
Tr • Then, if the output from the thermocouples, AT = Ts· Tr is plotted against Tr,
then the curve will be as shown in Figure 2.8. If an exothermic process occurs in the
sample, the response will be in the opposite direction. The area under the exothermic
or the endothermic curve is related to the value of the enthalpy change, AH, for that
particular thermal event (Brown, 1987).
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2.2.2 Differential S~anning Calorimetry (DSC)
" 'to 'j.Jt \
Here, the sample and a reference material are maintained at the same
temperature (aT=Ts-Tr=O) throughout the controlled temperature program. Any
energy difference in the independent supplies to the sample and the reference is then
recorded against the program temperature (Brown, 1987). The DSC apparatus is
shown schematically in Figure 2.9 with the associated thennal curve.
Thennal events in the sample thus appear as deviations from the DSC
baseline, in either an endothennic or exothennic direction, depending upon whether
more or less energy has to be supplied to the sample relative to the reference material.
In DSC, endothennic responses are usually represented as positive, Le., above the
baseline, corresponding to an increased transfer ofheat to the sample compared to
the reference (McNaughton and Mortimer, 1975). This is exactly the opposite
convention to that used in DTA, where endothermic. responses are represented as
negative, i.e., below the baseline, as the sample temperature lags behind the
temperature of the reference. The operating temperature range ofDSC instruments
is generally more restricted than that ofDTA instruments.
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"3;EXPERIMENTALPROCEDURE .
3.1 Ultrahigh Vacuum (UHV) sputtering system
Figure 3.1 is a photograph of the EPI/SVT Ultrahigh Vacuum (UHV)
sputtering system used for this study. The following is a description of the apparatus,
general operating procedure, baking procedure and the automatic control of the
system (EPI, 1996).
3.1.1 Description of the apparatus
The EPI/SVT Ultrahigh Vacuum (UHV) Sputtering System used in this study
consists of the following essential parts (Figure 3.2):
3.1.1.1 Sputter deposition chamber
3.1.1.2 Sample introduction chamber
3.1.1.3 Magnetron sputter sources
3.1.1.4 Mass Flow Controllers
3.1.1.5 Titanium Sublimation Pump
. 3.1.1.6 Residual Gas Analyzer
3.1.1.7 Cooling system
3.1.1.8 Control unit
3.1.1.9 Computer control
18
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3;1.1.1Sputter deposition chamber
This is also called the main chamber or the growth chamber. This chamber
is always maintained at ultrahigh vacuum (up to 10 ·)0 Torr) by pumping it with a
1600 lis turbo molecular Balzers pump. This pump is backed with a molecular drag
pump, which in tum, is pumped by a diaphragm pump.
At the center of the chamber is the stage assembly over which the sample
(e.g., a Si wafer on which the metallic layer is to be deposited) is loaded. The stage
assembly rotates with the sample at 7-25 rpm during deposition. The rotation enables
the uniform distribution of condensing materials on the sample from different
sources. The stage assembly has a heater connection that can preheat the sample up
to 900°C and has also a cryogenic cooling system to bring the sample to -150°C. A
thermocouple fixed to the heating block on which the sample sits reads out the
temperature of the heating block. - -~-
The chamber has a top mounted source flange on which three magnetron
sputter sources (two DC and one RF source), also called target guns, each capable
of accommodating 3 inch targets, are fitted downwardly aiming at the stage. The
system can be outfitted with a fourth magnetron gun. Two other ion beam sources -
one for potential ion beam cleaning and the other for ion beam deposition, are also
fitted on this chamber.
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The chamb~r has f)ve .p~eumaticallyoperated ~utters. for tlt~ above
/ \ '-"' ........
mentioned five target sources. There is another sample master shutter mounted on
a linear bellows traveler, which, when compressed, blocks the sample from any
sputtered material.
There is also a quartz crystal rate monitor which when used comes between
the target and the sample and provides a means of calibrating the deposition rates
from any individual source. The crystal has its own shutter to prevent· an unwanted
buildup of growth material when not in use.
The entire chamber is circulated with a water jacket from the cooling system.
This helps reduce any unwanted out gassing of chamber wall surfaces during
sputtering and also keeps the gun assembly and the Ti sublimation pump cool.
3.1.1.2-Sampleintrodu-ctionchamber
~so called the load lock chamber, this chamber can be pumped down to
10 -8 Torr with a 260 lis turbo pump backed with a molecular drag pump, which, in
turn, is backed by a diaphragm pump. Provision is made to load up to three samples
at a time on three individual sample rings on an elevator inside this chamber. A linear
transfer arm carries the sample through this chamber into the main chamber.
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There is an interchamber-valve betweenthe main chamber and this chaIllb~r
which, when closed, enables the main chamber to be at ultrahigh vacuum even when.
the samples are being loaded ilito this chamber.
The pressure inside this chamber is monitored using a cold cathode gauge
(located beneath the chamber) for low pressures and a convectron gauge (located to
the side of the chamber in blue color) for higher pressures.
3.1.1.3 Magnetron sputter sources
Each magnetron sputter source is fitted with a 3 inch target, the material of
which is to be deposited over the sample. Behind the target are two permanent
magnets that create a magnetic field necessary for the creation of high density
plasma. The source gas used for plasma generation is argon. The targets are water
cooled and are provided with backing plates thereby thermally coupling the targets
to the water cooling line. A separate cooling line is also provided to the sputter
sources. The sputter sources are fitted with tantalum cylinder extensions to prevent
cross contamination from source to source.
3.1.1.4 Mass Flow Controllers
Three Mass Flow Controllers (MFCs), with the fourth MFC to be added later,
are located to the side of the growth chamber. These MFCs control the flow rate of
21
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gases into the growth 9haJl'lb~ 'Capacitance manometer is mounted m:;ar the
,,-- -
common gas manifold for meas~g the vacu.um in the growth chamber at elevated
pressures during the process of deposition.
3.1.1.5 Titanium Sublimation Pump
The Titanium Sublimation Pump (TSP) consists ofa Ti ball and it works by
heating up the titanium until it sublimates. The sublimated Ti gathers water, oxygen
and other molecules present in the growth chamber thereby providing better vacuum
inside the chamber. This is an auxiliary unit and is used along with the turbo
molecular pumps when required.
3.1.1.6 Residual Gas Analyzer
A Residual Gas Analyzer (RGA) unit is fitted to the growth chamber to
provide information about the partial pressure ofvarious gases inside the chamber.
The transpector used for the residual gas analysis in this system has the capability to
monitor upto twelve gases over a user specified time from minutes to days. The
transpector comes with an associated software which draws various plots, showing
the partial pressures of gases in the vacuum chamber, on the computer screen.
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3S1.1.7 Cooling system
The cooling system provides cooling water at a rate of 10 gallons per minute ./
at 40-60 psi and at the temperature of20oC to the magnetron sputter sources, targets,
stage, titanium sublimation pump, main chamber and the load lock chamber. The
cooling water supply can be started or stopped to a particular unit by turning on/off
the water valves located at the base of the system.
3.1.1.8 Control unit
The Control unit consists of the main power panel that provides power
connections to turbo molecular pumps, quartz crystal rate monitor, sputter guns,
stage assembly, Mass Flow Controllers (MFCs), Titanium Sublimation Pump (TSP),
gauges and the sample heater. The unit also has displays for the pressure inside the
growth chamber, the load lock chamber and the readings of the capacitance
manometer.
The system has a VAT adaptive pressure control system for the throttle/gate
valve on the growth chamber. It makes use of the capacitance manometer output
. signal for a pressure input value to adjust its variable throttle position required to
achieve the desired pressure input set point in the growth chamber.
The system control unit has an Emergency Power Off (EPO) circuit that can
be triggered by pressing the EPO button located on the left side ofthe unit. When the _
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~t. t EPO button is pressed, allthe'pOwet c(lnnections'aredisconnected:lhe EPO'button ,
is used only under extreme conditions. Figure 3.3 gives a photograph of the control
unit for the sputtering system used in this study.
3.1.1.9 Computer control
The entire deposition process can be programmed, monitored and controlled
automatically from a desktop pentium-PC that has been incorporated into the system.
3.1.2 General operating procedure'
The following is a brief operating procedure followed for depositing a
J;lletallic layer in the UHV Sputtering System :
a. The sample on which the material of the target is to be deposited is taken
and cleaned as per an appropriate procedure for the given substrate.
b. It is loaded onto the sample ring inside the sample introduction (load lock)
chamber.
c. After putting the flange over the load lock chamber, the thumbscrews onto
the flange are fixed.
d. The loadlock is pumped down to a pressure of 10.7 Torr. While using the
pumps, the backing pump is switched on first until a pressure of 1-5 Torr is obtained.
Then the turbo pump is turned on.
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""e. The gate valve connecting the loadlockto the main chamber is opened.
r-"
f. Using the linear transfer arm the sample is carried and put ontQ the stage
assembly.
g. The linear transfer arm is brought back and the gate valve is closed.
h. The pressure inside the main chamber is monitored to be at 10-9 Torr.
i. The partial pressures ofvarious gas components inside the main chamber
are monitored using the Residual Gas Analyzer (RGA) unit fitted to the growth
chamber. The plots of these partial pressures are seen through the software that
comes along with the transpector used for the residual gas analysis in the system.
j. The water valves are opened wherever the cooling water is necessary.
k. The sample is closed with the linear motion master shutter assembly. Then
the quartz crystal rate monitor that is mounted on the shutter blade is used to calibrate
each source material's deposition rate by performing sample sputter runs. With this,
it is also ensured that the target guns are working properly and can be used for actual
material deposition onto the substrate.
1. Then, to perfonn the actual run, the crystal monitor shutter and the sample
master shutter are checked to insure that they are opened i.e., they are placed in a
position not obstructing the path of sputtering between the target material and the
stage assembly.
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Next, a little bit of Al20 3 material is put in the r~f~rt:mge Pa.qs()~t9 jtlSt
cover the surface of the tip of the thermocouple. Next, the Pt foil meant for the
reference pan is loaded and then the rest of the Al20 3 material is put onto it.
Next, the experiment is started by selecting a proper method in the computer.
After the experiment is completed, the data for the sample that is run is
collected for analysis.
For the calibration of the equipment, the area underthe heating curve is
considered for calculating the thermal conductivity of the cell using the formula
(Coffey, 1989; Factor and Hanks, 1967; Palenzona, 1973)
K=m~HI A (3.1)
where K = thermal conductivity
m =mass ofthe sample considered
~ H = heat of transformation ofthe sample material and
A =area under the heating curve
The cooling curve is used to find the value of time constant 't which is
important to various peak shift analysis techniques for determining the activation
energies (Boswell, 1980; Kissenger, 1957). Only that part of the cooling curve is
considered wherein the data lies between 30% and 70% of the peak value of the
cooling curve and then the following equation is fit to the obtained curve (Coffey,
1989).
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- y =A* e"(-tf't) +B t+ C""
where A, B and C are constants and
t =time
....(3.2)
After fmding the time constant 't, the value of the specific heat of the cell C
is found using the relation (Coffey, 1989),
C=K't
3.2.7 After the run
(3.3)
a. The GC-50 purifier is unplugged. It is cooled down to room temperature.
This takes approximately 1.S hours. It is important for the inert gas to flow through
the purifier as it cools down. Once it gets cooled down, valves VI and V2 are closed
and V3 is opened.
b. Ifthe sample has cooled down to room temperature, the gas cylinder (valve
on top ofthe cylinder) is closed. The pressure gauge is allowed to come to O. Then
the diaphragm is backed offby turning it counter clockwise. The blue valve on the
regulator of the cylinder is closed. Then valves V3,V4 and V5 are closed.
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3.3 DSC System,
The Perkin Elmer DSC-7 equipment used in this study can be operated for
analyzing samples between temperatures of -60°C and 725 °C. Figure 3.8 is a
photograph ofthe DSC equipment used for the study. It can be used to operate under
two conditions of cooling:
1. For analyzing polymers at low temperatures Le. -60°C to 25°C, intra
coolerUconnec_tion is used for cooling the sample.
2. For analyzing metallic fIlms at high temperatures Le. 25°C to 725°C,
an ice bath is used for cooling the sample. There are also options to use ice water
bath and another intra cooler.
3.3.1 Description of the apparatus
Figure 3.9 gives details of the various parts constituting the DSC system. The
equipment consists of the following (perkin Elmer, 1996) :
3.3.1.1 DSC7 analyzer
3.3.1.2 Dry box
3.3.1.3 Intra cooler II/Ice bath for low and high temperature applications,
3.3.1.4 Thermal Analysis Controller (rAC)
3.3.1.5 Computer and printer
3.3.1.6 Gas supply
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3.3.1.1 DSC7 analyzer
The analyzer cOI}sists of an enclosure consisting of the sample holder
assembly, the reservoir and the argon gas supply for purging the sample holder. The
analyzer is always purged with argon gas at a pressure of 25 psi.
3.3.1.2 Dry box
The dry box is a glass enclosure sitting on topoftheanalyzer~ It-consists of
two sample holders enclosed under the sample holder enclosure cover. The right side
holder is for reference material and the left side holder is for sample material. The
lids for these two holders are kept on the rack inside the dry box. It also consists of
. a draft shield which encapsulates the sample holders during experimentation. The dry
box is supplied with nitrogen at a pressure of 50 psi continuously during
experimentation. When not in use, the gas supply is turned off.
3.3.1.3 Intra cooler IIIIce bath
In case oflow tempe~ture applications, the intra cooler II is connected to the
sample holder assembly inside the analyzer and nothing is filled in the reservoir. In
case ofhigh temperature applications, the reservoir is filled with ice bath and a cold
fmger is attached to the sample holder assemhly.
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._-_. ----3.3.1.5 Computer and printer
« . i'.3.1A ThermalAnalysis Controller
....
...
This controls the amount ofheat supplied to the sample and reference pans.
The sample and reference pans are maintained at the same temperature by the
controller and the change in the heat absorbed by th~ sample with respect to the
reference is plotted as a function of time or temperature.
The entire experiment is computer controlled. The Pyris software that is
installed in the computer is used for starting the run and for analyzing the data. A HP
690C deskjet printer is attached to the computer for printing the results.
3.3.1.6 Gas supply
Argon and nitrogen gas cylinders are kept on one end of the equipment.
Argon gas flow for the analyzer sample holder assembly is never turned ofT. Nitrogen
gas flow for the dry box is turned on only during experimentation and turned off
when the equipment is not in use.
3.3.2 Operating procedure
The system is used with the ice bath configuration for this study as the
experiments are run at high temperatures (25°C to 725 °C).
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(Then the following steps are followed to run an experiment~ .
.. . .
a. Thesample which is to be analyzed by the DSC is taken in a piece of
weighing paper.
b. The weight of the reference side is made the same or close to the weight
ofthe sample considered. There are separate aluminum pans with accompanying lids
which are used as sample and reference pans.
c. The sample isput in an aluminum pan and covered with a lid~ A crimper
lsusedto-criinp llielialo the"pan-(uniyin cases-where--the-material-is-volatile).
d. An empty aluminum pan is used for the reference side and covered with
a lid. A crimper is used to crimp the lid to the pan.
e. Then the aluminum pan with the sample in it is put on the left side sample
holder in the dry box. The reference aluminum pan is put on the right side sample
holder. The sample holders are then closed with covers.
f. The nitrogen gas line is opened at a pressure of 25 psi.
g. The Pyris software is opened and first the preferences under the tools
menu is selected. Next, the dsc7 page is selected and the cooling device is changed
. to the appropriate one, i.e. ice bath or intracooler II as applicable.
h. The experiment is started by selecting a proper method or by writing a new
method using the Pyris software.
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i. After the experiment iscomplete,the data analysis window is activated
and used to analyze the data obtained by the sampLe -considere&
j. After finishing the experiment, DSC7 Control Panel is selected and the Go
to Temperature is set to 75°C.
k. The analyzer, CPU and the Thermal Analysis Controller are left powered
ON.
3.3.3 Thermal lag correction
The thermal lag correction of the Differential Scanning Calorimetry (DSC)
equipment has been performed so that the equipment is consistent in indicating the
various thermal events occurring in a sample irrespective of the heating rates used.
An Indium sample is taken and run at two heating rates. If the onset point at
heating rate r1 is t1 and the onset point at heating rate r2 is tz, then, the lag
compensation is found by using the relation
(3.4)
This value of lag compensation is entered in the DSC7 page under Preferences in
the Tools menu of the Pyris Software.
The lag compensation values are determined for both the cases of Pt foil
holder and AI pans for holding the sample and at a constant Ar flow at 25 psi.
51
.-".- ,,~ . - . - '_...
3.3.4 Temperature and HeafFlow calihration
..
-Temperature and Heat Flow calibrations are performed so that the equipment
gives experimental results closer to the theoretical values. Various standard reference
materials are taken and are subjected to a constant heating rate thermal program.
Their peak onset values and the heat flow associated with the peak areas are noted
and compared with the theoretical values. The values are entered in. the Calibrate
page under View menu ofthe Pyris Software.
,. ----'-'-"-.-,-- --------
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3.4 Profilometer and thickness measurement
The profilometer used for this study is a Tencor P-2 instrument that uses a
diamond stylus for characterizing a surface. It has a capacitive sensor that registers
the vertical motion of the stylus as the stylus scans the surface. The scan length
possible with this instrument is 210 rom. Smooth and stable movement across the
scan length is ensured by placing the measurement stage over an optical flat
reference. The guide bar for the stage provides straight, directional movement ofthe
stage beneath the stylus. Figure 3.10 shows the photograph of the profilometer used
for the study.
3.4.1 Sample preparation
The substrate on which, the thickness ofthe fi~ deposited is to be measured,
is first marked with two or three paral1ellihes using a marker pen (photo resist)
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before the deposition of film onto it. Then, after the film is deposHed, the marker
lines (photo resist) are dissolved in a solution of acetone leaving behind a "well" as
/
'"shown in Figure 3.11 whose depth will be equal to the thickness of the film
deposited.
3.4.2 Thickness measurement
The following is a brief set of instructions that are followed to make a scan
on_theprQfilometer forjlleasuring the surface thickness (Figure 3.l2)(Tencor, 1993):
- --------~---~-----------~-_._-------
3.4.2.1 The profilometer is always left with power ON. Due to some reason
if it is in OFF mode, then it is switched ON and warmed for 2 hrs before making a
scan.
3.4.2.2 The monitor screen is turned ON.
3.4.2.3 The instrument's measurement area door is opened.
3.4.2.4 The LOADIUNLOAD button on the keyboard is pressed to bring the
stage nearer.
3.4.2.5 The sample substrate is loaded onto the stage keeping the dissolved
marker (photo resist) lines on the substrate straight.
3.4.2.6 Again the LOADIUNLOAD button is pressed which makes the stage
move away to its original position.
3.4.2.7 The measurement area door is closed.
3.4.2.8 The Z-S button onthe keyboard is pressed and then the ! key is
/'
pressed to position the stylus. On the monitor, the user should be able to see the
image of the stylus positioning itself at the center of the substrate clearly.
3.4.2.9 Now the ZOOM window displayed on the screen will show the values
ofZ and S as -59.8 Ilm and 0.0000 deg respectively and X and Y as 105000.
3.4.2.10 Then, the ESC/MENU button on the keyboard is pressed. RECIPE
menu is selected and in-that VIEWIMODIFY is selected. This will display a_RECIPE
changed as is desirable for the scan.
The value ofthe scan length is taken depending upon the width of the feature
to be scanned. It is made sure that the scan length selected covers the entire range of
the feature. A scan speed of0.05 mm/sec with a stylus force of3 mg is used for most
applications. The multiscan average used is usually 5.
The ESC/MENU button is pressed to come out ofthis screen. The recipe that
is selected in this step with a set of parameter values will be continued to be used
until the end of the scan by the instrument.
3.4.2.11 The Z-S button is pressed and the ....... keys are used to rotate the stage
ifneeded.
3.4.2.12 The Z-S button is pressed and used with the ! key to bring the
elevator with the stylus down.
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3.4.2.13 The X-Ybutton is pressed and used with the arrowkeys to move the
stage in the x and y directions. Thus the stage is placed in such a position that the
.stylus is focussed onto the substrate just before the feature to be scanned.
3.4.2.14 The START button is pressed to start the scan. The instrument will
scan the substrate upto the scan length and the number of times selected in the recipe
and at the completion of the scan, displays the data screen.
3.4.2.15 If the data graph shown by the instrument after the scan is not
horizontal, then, it must be leveled. The LEVEL on the built-in keyboard will bring
two dotted lines on the graph with the left L line highlighted. Using the trackball it
is placed wherever the leveling is to be started. By pressing SEL button, the R line,
which is the right line, will be highlighted. Using the trackball it is placed wherever
the leveling is to be stopped. SEL button can be pressed twice quickly to
simultaneously move L and R lines in tandem.
Now F3 is pressed to replot the graph with leveling done. This will cause the
selected leveling zone to become horizontal and also appear at the 0 J.lrn reading of
the graph.
3.4.2.16 Now, the data screen will have two measurement cursors L (left) and
R (right) displayed on it with L activated. To measure the height of the feature, the
------- L cursor is moved with the trackball and placed at the beginning ofthe feature whose
height is to be determined. SEL is pressed and this will highlight the R cursor. It is
-------------.:~55--- __
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moved using the trackbalHo the end ofthe feature. Then the Height displayed on.the
left side of the screen under DATA gives the height of the feature (thickness of the
film deposited).
It is also possible to measure the height ofthe feature in Delta Average mode.
For this, when the data screen with two measurement cursors L and R is displayed
with L activated, the t key is pressed which will bring a second L. The distance
between the tWo Ls is lncn~aseci by pressing t -and decreaSed by pressing- 1. The two . -
Ls are moved to the desired position by using the trackball. Thus, a specific width on
-----------~----_._------ -- --
the left side of the feature can be selected which will be averaged out and used as the
L reading. Similarly, SEL is pressed to highlight R cursor and the t key is used to
display another R line and the distance between the two Rs is increased or decreased
by pressing t and 1, respectively. The two Rs are moved to the desired position by
using the trackball.
Here too, the SEL button can be pressed twice quickly to simultaneously
move the two Ls and the two Rs in tandem.
3.4.2.17 The F4 button is pressed if the raw trace data, data summary and the
Scan recipe are to be saved.
3.4.2.18 The PRINT button on the built-in keyboard or the PRINT SCREEN
on the remote keyboard is pressed to print the entire data screen on a printer.
3.4.2.19 The ESCIMENU is pressed to exit the window.
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'3.4.2.10 The Z-S button is pressed and used with thel key to take the
elevator with the stylus up.
3.4.2.21 The instrument's measurement area door is opened.
3.4.2.22 The LOADIUNLOAD button onthe keyboard is pressed to bring the
stage nearer. The elevator with the stylus must be moved up completely before
bringing the stage nearer.
3.4.2.23 The sample substrate is removed from the stage.
~.4-,7-,-2~_AgainJIeI.,OAD~O~button is pressed which makes the stage
return to its original position.
3.4.2.25 The measurement area door is closed.
3.4.2.26 The monitor screen is turned OFF but the power of the instrument
is left ON.
'I
57
- -,
,.
,,~ 4. SUBSTRATE TEMPERATURE MEASUREMENT IN VACUUM
( , ."
The properties of deposited thin films can depend on substrate temperature
during deposition. It is therefore necessary to control and measure this temperature
accurately (Westerheim et al., 1992a). In case of chemical vapor deposition at
atmospheric pressures, the thermal conductivity of the gas provides thermal contact
between the substrate and the heater. But in case of deposition techniques such as
~ nn _nnun___ __ __ _ sputtering,pulsedJasecd~RQsition and evaporatioJ;.!!!~ difference between the heater
block temperature and the actual substrate temperature is high owing to the fact that
the process takes place in very high vacuum (Westerheim, 1992b).
Figure 4.1 shows a substrate resting on a heater block making contact with
the block only at a very few spots resulting in an interfacial thermal resistance. The
ratio of the contact area to the substrate area is found to be of the order of 1x10 ·8
(Cooper et al., 1969). In the absence ofany material medium for heat transfer, such
as the low pressure ambient processes like sputtering, the thermal conduction across
the interface is also reduced by the same factor (Westerheim, 1992b). Therefore,
under low pressure conditions, heat transfer between two nominally flat objects is
primarily by radiation (McGee, 1988). In fact, for pressures of about 100 mTorr,
conduction and convection account for less than 1% ofthe total heat transfer (Flik
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etal., 1992). This createS many problems for substrate heating and temperature
control.
Some studies have shown that the thermal contact between a substrate and the
surface of a heater can be improved by using an intermediate layer of a softer
annealed metal like copper, gold etc., or a metal powder compound like silver paste.
It has been observed that the temperature difference between the stainless steel heater
.bl~ck and the surface of a LaAl03 substrate was reduced from 348°C to only 2 °c
by using the silver paste. But still"in order to verify that the substrate is indeed
--._.._----- - --~-~~~---
thermally anchored, the substrate temperature is to be determined accurately
(Westerheim, 1992c) and then it is to be calibrated as a function of heater
temperature to evaluate the effectiveness ofthe thermal contact between the thermal
block and the substrate.
Various techniques have been developed to measure the substrate temperature
some ofwhich are discussed below:
4.1 Optical pyrometry
This is a contactless technique for measuring the substrate temperature but
it needs the substrate to be opaque to infrared radiation (McGee, 1988; Khan et al.,
1991). Ih this technique, the radiant emittance ofan object is measured in a range of
wavelengths and the temperature is determined by the integration ofPlanck's law
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of black body radiation (Westerheitn, 1992b). But; this technique· is not always
-
straightforward. In case of molecular beam epitaxy (MBE) growth of GaAs, at
.typical deposition temperatures, GaAs is transparent to the peak radiation emitted by
the heater. So, in these cases pyrometers with short wavelengths are used (Wright et
al., 1986; Mars and Miller, 1986). But again this results in a loss of sensitivity and
precision since at these smaller wavelengths the amount ofradiation is much smaller
than the peak value (Hellman et al., 1986). Other factors like the change· of
.. transmissiQ!lJhr<:>.ugh a view-port window as it becomes coated over titne (Wright et
- - ------ -~---- .-_._-----------...•
aI., 1986), the correct optical field of view to the focal distance ratio, the specific
temperature working range and the correct emissivity value to be selected for the
particular object being measured are to be considered before using this technique.
4.2 Eutectic material bonding
This method employs bonding an eutectic material, like Indium alloyed with
Pb, Cd or Sn, to the wafer surface. The substrate is then subjected to manual heating
by stepping up the heater power and monitoring the indicated temperature. When the
. eutectic material melts, the indicated temperature is recorded. The process is repeated
for different eutectic materials and then a profile of actual temperature of the
substrate (temperature at which the eutectic material melted) vs indicated ~mperature
(monitor thermocouple reading) is obtained. The problems associated with this
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· technique are the difficulty in visually·examining the solid-to-liquid transition ofthe
,
eutectio material, the potential damage to the uftrahigh vacuum chamber because of
the eutectic material due to its very high vapor pressure at elevated temperatures and
the difficulty of mounting the eutectic material properly onto the wafer surface.
4.3 Thermocouple bonding
A lot ofwork has been done and there are good results showing successful
substrate temperature measurement by this technique. In one caSe, ultrasonically
bonded 25 ~m diameter wires of Au-Pt-Pd alloys (14%-31%-55% and 65%-0%-
35%), commercially known as Platinel, have been used to form thermocouples. It has
been observed that because of very small diameter of the thermocouple wire, the
thermal resistance is high and hence the heat loss through the wire is small
minimizing the error (Westerheim, 1992b). The thermocouple wires are
ultrasonically bonded using a standard wedge bonder to 1mm diameter bonding pads
on substrates by sequential evaporation of 200 Aof titanium followed by 1 ~m of
gold through a metal shadow mask. Titanium is used here to promote adhesion
between the substrate and the gold bonding pad. The thermocouples are very fragile
and hence are usually connected to thicker (about 250 ~m diameter) Platinel
extension wires using ceramic connectinJ<,sts (Westerheim, 1992c).
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4.4. Present work
This work employed the use of the thermocouple bonding technique for
measuring the substrate temperature using a setup provided by SensArray Inc. As
shown in Figure 4.2, five K-type thermocouples (0.003" diameter each) are used
which are bonded onto a 3 inch, 21 mil thick silicon wafer. Thermocouples are
deeply immersed into a re-entrant cavity and are ceramically bond~d in the silicon
to improve heat transfer and bond strength (Figure 4.3). This type of bonding also
isolated the junction chemically and electrically, ensuring good thermal contact at all
temperatures without any degradation of the thermocouples. The temperature range
of use for these thermocouples is 0 °C-II00 °c. The thermocouples are insulated
using quartz micro tubing segments to enable them to withstand these elevated
temperatures. Since the thermocouples are to come out of the vacuum chamber
without obstructing the integrity ofthe system, a polyimide flat cable feedthrough
is used which sits under the sample loading chamber's O-ring seal under the flange.
A pressure of 3.Sxl0-6 Torr was maintained in the growth chamber when the
temperature measurements were taken using this setup. The temperature was digitally
displayed using the Omega DP462T multi-input temperature readout.
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"5.RESULTSANDUISCUSSION"
5.1 Calibration of Differential Thermal Analyzer (DTA)
The samples that were considered for the calibration of the Differential
Thermal Analyzer were K2Cr04, K2S04, KCl04, Ag2S04, AI, Sn, In and Cu. All the
samples were heated at the rate of20°C/min and at a constant Ar gas flow rate of 1
sccm. The following results were observed during the process of study:
i. The samples germanium, zinc, gold and silver are found not to be suitable
for calibration.-Germanium and zinc are found to react at elevated temperatures with
the Pt foil used to fold them inside the sample holder. Evenwhen placed directly in
the sample holders with just alumina covering them, they were found to produce
sudden spikes after melting and were found not to follow the solidification path
during cooling.
Gold, when used as the sample for calibration, did not clearly show the
endothermic peak during melting. It showed a gradually increasing temperature
difference, between the reference and the sample, throughout the heating program.
Silver did not have equal peak areas under heating and cooling curves which
indicates that the exothermic and the endothermic heat energies are not the same.
Some loss" in the mass of the sample after melting is suggested to be the reason for
this change.
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ii. The calibration results were originally perfonnedllsirig Pt macrocups for
~
holding the sample. The values' of thennal conductivity for the samples using
macrocups did not follow the expected increasing trend. Then the experiments were .
repeated using microcups and the thermal conductivity values increased with increase
in the onset temperature. This indicates that the macrocups owing to their higher
mass (357 mg when compared to 177 mg for the microcups) were affecting the rate
of heat transfer to and from the samples.
iii. The sample weights that gave good results using microcups were usUally
10 mg heated at a rate of20 DC/min. It has been observed that for the same mass and
for a higher ramping rate, the onset temperature will increase and will deviate more
from the theoretical temperature. Similarly, when a larger mass e.g., 20 mg is
considered, to obtain better results, the ramping rate that is to be used must be
smaller than the rate used for the sample of mass 10 mg. This increase of onset
temperature due to increase in the ramping rate is attributable to the thermal lag of
the sample which develops between the furnace and the sample and within the
sample. This lag increases with the increase in the mass ofsample or the ramping rate
thereby causing an increase in the onset temperature accordingly.
iv. It has been observed that the samples sometimes do not give good results
in their fIrst run owing to inhomogeneous melting due to their change in shape on
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heating. So, the experiments are run the second time with the same sarnple samarin
.
the second run the sample is homogeneous and gives better peaks.
v. It has been observed that the baseline generally changes with the change
In the inert gas flow rate during the experiment. So, the inert gas flow rate is always
fixed at 1sccm throughout the run for all the samples. The baseline for the equipment
used in the present study is found to be properly oriented when the electronic
adjustment switch on the front panel of the module is adjusted to 5.0. Any slight
rotation of the knob from the position of 5, will alter the baseline. Further, the
microcup sample holders are to be cleaned with acetone/alcohol every time before
they are to be used in order to remove any residues from the previous sample.
For the adjustment ofthe baseline to be horizontal during the initial stages of
the run, it has been observed that the right hand z screw must be turned counter
clockwise and the left hand z screw must be turned clockwise to make the baseline
go up and vice versa to make it go down.
vi. The aluminum and copper samples were put directly in the sample holder
and were not folded in the Pt foil as they react with Pt before they melt. All other
. ."
. samples are folded in Pt foils and kept in the sample holder.
vii. For better results it has been observed that the DTA chamber must be
pumped down and kept under vacuum for at least 24 hours before starting the run.
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The curves thaI were obtained after performing the DTA runs are shown in
Figures 5. 1(a),(b) and (c) for K2Cr04 sample, 5.2(a),(b) and (c) for K2S04 sample,
5.3(a),(b) and (c) for KCI04 sample, 5.4(a),(b) and (c) for Ag2S04 sample, 5.5(a),(b)
and (c) for Al sample, 5.6(a),(b) and (c) for Sn sample, 5.7(a),(b) and (c) for In
sample and 5.8(a),(b) and (c) for Cu sample. The gas that was used in analyzing all
these samples was ultrahigh purity argon.
During the initial runs with copper under AI gas flow conditions, the sample
looked black and powdery after the run. This was due to the oxidation ofcopper that
resulted from the leakage ofoxygen into the vacuum in the DTA chamber. Then by
tightening the seals in the purging gas line, cleaning the surfaces with acetone and
alcohol, pumping down the system for longer hours and by using 99% AI + 1% H2
in place ofAI, copper did not turning powdery and black after the run and the results
of this run have been considered for calibration. The results of the thermal analysis
ofcopper sample in the presence of99% AI + 1%H2 gas flow are shown in Figures
5.9(a),(b) and (c).
When the gas combination of 99% AI + 1% H2 is used for Sn sample, the
results were close to those obtained using pure AI. This indicates that the Sn sample
is not much affected by the oxidation in the DTA chamber and hence the difference
in the gases used made no significant effect. The thermal analysis results of the Sn
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sample under 99% At + I%H2 gas flow is shown in Figures 5.10 (a),(b) arid (c).
These results of the Sn sample were not considered for calibration.
The areas ofthe heating and cooling curves during melting' and solidification,
respectively, in all the cases were almost equal. The values of thermal conductivity
K, time constant 't and cell specific heat C based on these samples are given in Table ....
5.1.
It has been observed that an exponential curve provides a good fit for that part
of the cooling curve wherein the data lies between 30% and 70% of it. The value of
'C in case of Ag2S04 was discarded as the sample did not exhibit a good cooling
curve.
The graph between the -onset temperature of these samples vs thermal
conductivity is shown in Figure 5.11. The linear equation that fits the relationship
between the onset temperature and the thermal conductivity, K, is given by the
expression
y =0.011495x + 0.039559
wherein x is the onset temperature in K and y is the thermal conductivity.
Figure 5.12 shows the graph between the onset temperature and the cell
specific heat C which can be expressed in the form of a linear expression
y = 167.03 - 0.01384x
wherein x is the onset temperature in K and y is the cell specific heat.
The error bars have been fixed by considering a possible set of values while
measuring the mass, the area under the heating curve and the value of time constant,
't, for every sample considered. These possible set of values are getermined for mass
by measuring the sample weight after the experiment is performed and also by
measuring the weight of the sample a number of times before running the experiment
and considering the values obtained. In case of the area under the heating curve, the
possible set of values are obtained by taking different high and low limits that would
seem to be appropriately constituting the heating curve. In case of time constant, 't,
the possible set of values are obtained by fitting the exponential to the data lying
between 30% and 70%,35% and 65% and also 25% and 75% of the cooling curve.
Then, all the possible values of K and C obtained from the various combinations of
the mass, area under the heating curve and time constant, 't, are determined. Then,
assuming that the resulting values of K and C from these various combinations
follow a normal distribution, the limits are decided as (Walpole and Myers, 1989)
X ± 1.96 (J l/ii where
xis the mean of the data
(J is the standard deviation
n is the total number qf data elements
Similarly, Figure 5.13 givesthe rela.tiortshipbetween theonset-temperature
and the time constant 'to Figure 5.14 gives ~e relationship between the experimental
onset temperatures observed through DTA analysis and the theoretical onset
temperatures for various samples. The graph shows that the DTA is now calibrated
t) ~ 7
r~asonably accurately as the two temperatures are close together throughout the
operating temperature"range ofthe equipment, except for the case of copper.
5.2 Rate of deposition of copper
Copper was deposited at the power of 50W for 10 min, 100W for 5 min and
150W for 5min on three separate silicon wafers. The measured thicknesses on a long
scan profilometer are shown in Table 5.2. The deposition rates ofcopper were found
to be 0.43 'AJsec, 1.04 'AJsec and 1.73 'AJsec at 50, 100 and 150W ofpower supply to
the target guns. This indicates a linear relationship upto 150W between the power
supplied and the deposition rate as shown in Figure 5.15.
5.3 Substrate temperature measurement
The SensArray substrate with the five thermocouples embedded in it was
mounted on the stage assembly and the heating block was heated from 100'oC to
1100 °C in increments of 100°C. The temperatures ofthe thermocouples were 27.7
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°c when placed inside the load lock chamber and before heating of the substrate. The·
vacuum inside the growth chamber was 3.5xl0-6 Torr at the time of the experiment.
The gain, integral and derivative values used for the PID control in the MMI software
for the purpose of substrate heating were 3.5, 2.8 and 0.01, respectively. The actual
temperatures measured by the five thermocouples are shown in Table 5.3 and are
graphically represented in Figure 5.16. The data indicates that the actual temperatures
recorded by the thermocouple located at the center of the substrate was closer to the
heating block temperature (preset temperature). This is shown in Figure 5.17. The
graph also shows a linear relationship between the heating block temperature and the
actual substrate temperature given by the expression y = -18.131 + O.865x where x
is the heating block temperature and y is the actual substrate temperature at the
center. The deviation of the actual temperatures from the heating block temperature
was about 30% at 100°C and decreased as the heating blo(!k temperature increased.
This shows that there is better heat transfer from the heater to the substrate at higher ('\....
temperatures.
5.4 Thermal lag correction and calibration of DSC
The thermal lag correction was done using both AI and Pt sample pans. The
argo.n gas was set flowing at 25 psi during the course ofthe experiment and all other
•
configurap.ons were kept similar to what they would be while making the real runs.
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An Indium sample ofweight 5 mg is subjected to 5 DC/min and 160 DC/min ramping
rate programs. The onset points recorded while using an Al pan were 153.151 °c and
172.971 DC, respectively. The lag correction factor for the Al pan was
(172.971-153.151)/(160-5)=0.127
So, a value of 127 has been used as the lag correction factor for Al pan.
By using this value in the lag compensation box under DSC7 page of
Preferences under Tools menu in the Pyris software, the values of onset
temperatures obtained for the heating rates of 5 DC/min, 40°C/min, 80 DC/min and
160°C/min are shown in Table 5.4. The onset points recorded by using the thermal
lag factor indicate that the thermal lag correction makes the instrument record more
nearly the same onset point for a given sample for variou~ heating rates, which is a
very desirable character for the instrument.
Similarly by using the Pt sample pan, the value of lag correction factor
obtained was 135. By using this factor, the values of onset points recorded for
various heating rates are shown in Table 5.4. In this case also, it is shown that the
thermal lag factor plays a major role in getting the thermal events at the same
temperature irrespective ofthe heating rates used.
The temperature and heat flow calibrations were performed with the aim of
getting the experimental results closer to the theoretical values. This is done by first
selecting the default calibration values in the Pyris software. Aluminum pans were
used for In, Sn, Pb and Zn samples with a thermal lag correction factor of 12Tand
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a Platinum foil was used for the,K2S04 sample with a lag correction factor of 135.
All samples were more than 99.99% pure and are supplied with the instrument for
calibration purposes. Aluminum pans are not suitable for use above 600 DC as
aluminum melts at 660 DC and will alloy with and damage the Pt sample holders on
which the pans sit. The samples are flattened and placed at the center of the sample
pan and then encapsulated.
The onset points recorded for these samples are compared with their expected
theoretical onset temperatures in Table 5.5. The experimental and the theoretical heat
flows associated with the melting in each sample is also shown. The data indicates
that there is a variation of upto 2% between theoretical and experimental results of
onset temperature and there is a variation of upto 8% in the heat flows. These
calibration results are then entered in the calibrate page under view menu in the
Pyris software.
These calibration results were then tested by using them on a Sn sample
subjecting it to the same heating program. This time, the onSet point and heat flow
recorded were 233.18 DC and 61.10 Jig, respectively, which are closer to the
theoretical values of231.88 DC and 60.46 Jig than they were when obtained without
using the calibration values. This indicates that the calibration values reduced the
difference between the experlnlental and theoretical values, which again happens to
be a good characteristic ofthe instrument. However, the actual temperature recorded
by the thermocouples may need to be corrected as the experimental onset
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tempe~atures at the lower heaiing rates differ by 2-3 °c from the theoretical.onset
temperatures.
5.5 Multilayer sample analysis
The results of the 320 nm 1Ni/3Al multilayer sample under Differential
Thermal Analysis are shown for both the sample run and the baseline run in Figure
. . - -.
5.18. Microcups were used to hold the sample in Pt foil and the sample was subjected
to a heating rate of 40 °C/min upto 800 K and a cooling rate of 20 °C/miri at a
constant argon gas flow rate of 1 seem. The baseline subtracted result for the same
sample is shown in Figure 5.19. The K.1T/m curve of this sample calculated as per
equation 3.1 and plotted against time is shown in Figure 5.20. The power curve with
respect to the temperature is calculated using equation 2.3 and is shown in Figure
5.21 which indicates a first transformation peak at 545 K and a second
transformation peak at 674 K with an associated heat of transformation of 1359 JIg.
When the same sample was subjected to power-compensated DSC analysis at 40
°C/min heating rate, the transformations were recorded at 555 K and 687 K,
respectively, as shown in Figure 5.22, with an associated heat of transformation of
1404 JIg. The reasons for the difference in the results from the two instruments are
not clear and require further studies.
The thermal lag corrected and temperature and heat flow calibrated
Differential Scanning Calorimetry result of the 72 nm 1Nb/3Al multilayer thin film
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is shown in Figure 5.23 with the baseline run and in Figure 5.24 with the baseline
subtracted. The film was deposited in the ultrahigh vacuum sputtering system over
•
a 2000 Acopper underlayer. The sample was kept in Pt foil and was heated at 40
°C/min under ultrahigh pure argon gas flow at 20 psi. The figure indicates the first
transformation peak temperature of 709 K and a second transformation peak
temperature of843 K with an associat~d heat of transformation of 994 Jig.
The result of the 143 nm 1Nb/3Al multilayer thin film is shown in Figure
5.25 with the baseline run and in Figure 5.26 with the baseline subtracted. The figure
indicates peak transformation temperatures occurring at 721 K and 883 K with an
associated heat of transformation of 976 Jig.
The effect ofchange in the inert gas from ultrahigh pure argon to 99% Ar +
1%H2 is also studied. The results ofthe 143 nm 1Nb/3Al multilayer thin film sample
under 99% Ar + 1% H2 gas flow conditions are shown in Figure 5.27 with the
baseline run and in Figure 5.28 with the baseline subtracted. The data shows the first
peak temperature occurring at 680 K and the second at 855 K with an associated heat
of transformation of 1061.6 Jig.
Later, the heats oftransformation are converted into kJ/mole by multiplying
their values in Jig with their respective molecular weights. They are converted
into kJ/g-atom by dividing the value obtained as kJ/mole by the number of atoms in
each molecule ofthe product phase (NiAl3 or NbAl3) in the multilayer sample, which
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is 4. The summary of the ~esults of the analysis of multilayers is tabulated in Table
5.6.
The summary ofthe results indicates that the heats of transformation of the
multilayer samples obtained from both DTA and DSC instruments do not perfectly
match. The reasons for this discrepancy in the results obtained from both the
measuring techniques is a subject of future work. The value of the heat of
transformation for INi/3Al multilayer sample in standard literature is found to be
36 ± 2.0 kcal/mol which is 37.6 kJ/g-atom (Kubaschewski and Alcock, 1979). The
value ofthe heat oftransformation for INb/3Al is determined as 40.5 ± 2.0 kJ/g-atom
by some earlier studies (Meschel and Kleppa, 1993). These values from earlier
studies are compared with the values obtained from the current study in Table 5.7.
The difference in the values obtained indicates that there is still some temperature
and heat flow correction to be made to DSC. Similarly, it is suggested that the
samples in the DTA be analyzed in the presence of99% Ar + 1% H2 gas flow as this
condition reduced the oxidation level in the DTA chamber which can be seen from
the analysis results of the copper sample.
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6. CONCLUSIONS
6.1 Calibration of Differential Thermal Analyzer (DTA)
i. Germanium, zinc, gold and silver are found not to be suitable for the
calibration of the Differential Thermal Analyzer (DTA).
ii. Microcups are to be used while performing the runs in the DTA.
iii. The sample weight that gives-good results in the- DTA is about i0 mg .. - ---_. -- - . -----
when a ramping rate of 20 ~C/niin is used. Higherramping rates must be used for
smaller masses and lower ramping rates for larger masses to get a better characteristic
curve.
iv. Sample runs must be done twice (in case of reversible reactions only) to
get a better homogeneous sample for the second run and hence a better peak.
v. The inert gas flow must be kept constant at 1 sccm and the microcups are
to be cleaned every time with acetone/alcohol to get a good baseline. The electronic
switch in front ofthe DTA module is to always be set at 5.0 for better baseline curve.
For the initial adjustment of the baseline during the sample runs, the right hand z
screw must be turned counterclockwise and the left hand z screw must be turned
clockwise to make the baseline go up and vice versa to make it go down.
vi. While using copper for calibration, a combination of99% Ar and 1% H2
gas flow is to be used, instead of the regular Ar gas flow, for better results. This gas
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flow condition is also suggested for other samples as·-it is found to considerably
reduce oxidation in the DTA chamber.
vii. The expression giving the relationship between the onset temperature and
the thermal conductivity K on DTA isy = 0.011495x + 0.039559 wherein x is the
onset temperature, in K, and y is the thermal conductivity. .
viii. The expression giving the relationship between the onset temperature and
.,.~ - - - - .~._-
-----------~-
_._-----
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the Cell specific heat C on DTA is y = 167.03 - 0.01384x wherem~x-is-the- anser- --.. -. --. -. ----.
temperature, in K, and y is the cell specific heat.
6.2 Rate of deposition of copper
The rates ofdeposition ofcopper in the ultrahigh vacuum sputtering system
at 50W, 100Wand 150W are 0.43 Nsec, 1.04 Nsec and 1.73 Nsec respectively.
6.3 Substrate temperature measurement
The relationship between the heating block temperature and the actual
measured substrate temperature in the ultrahigh vacuum sputtering system is
y= -18.131 + 0.865x where x is the heating block temperature and y is the actual
substrate temperature at the center. The system gives better results, with lesser
temperature difference between the heating block and the actual substrate, as the
temperature increases.
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6.4 Thermal lag correction and calibration of DSC
,
i. The thennallag correction factor for the Differential Scanning Calorimetry
is 127 for the Al sample pan and 135 for the Pt sample pan.
ii. The temperature and heat flow calibration values reduced the difference
between the experimental values obtained by the instrument and the theoretical
values.
6.5 Multilayer sample analysis
i. The heat of transformation of 320 nm 1Ni/3Al multilayer thin film
subjected to DTA analysis is 1359 JIg with first and second peaks occurring at 545
K and 674 K, respectively, at a heating rate of 40 K/min. With DSC, the heat of
transfonnation was 1404 JIg with first and second transformation peaks at 555 K and
687 K, respectively.
ii. The heat of transformation of72 nm 1Nb/3Al sputter deposited multilayer
thin film is 994 JIg with peak transformations at 709 K and 843 K, respectively, at
a heating rate of40 °C/min. In case of 143 nm sample, the transformation peaks are
observed at 721 K and 883 K, respectively, with an associated heat oftransformation
of 976 JIg.
iii. When 99% Ar + 1% Hz gas'flow is used, the 143 nm 1Nb/3Al sample
showed peaks at 680 K and 855 K with a heat of transformation of 1061.6 JIg.
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iv. The values obtained by this study are compared to those in staridard
literature. The difference in the values indicated that there is still some temperature
and heat flow correction to be made to DSC. It is also suggested that the samples in
the DTA be analyzed in the presence of 99% Ar + 1% H2 gas flow.
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Table 5.1 - Summary of the calibration results on DTA
SAMPLE Theoretical Experimental K 't C
Onset Temp Onset Temp mW/K s mW-s/K
in Kelvin in Kelvin
In 429.6 428.54 4.73 34.34 162.42
Sn 505 502.95 5.33 29.9 159.367
Sn1 505 496.6 5.8 24.3 140.95
KCI04 572.5 572.65 5.2 31.47 163.64
A92S04 685 687.61 6.9 - -
K2S04 856 856.93 11.6 11.96 138.736
AI 933.4 935.82 12.5 14 175
K2Cr04 938 941.58 12.9 11.04 142.49
Cu 1356.4 1338.13 17.9 10.75 192.425
Cu2 1356.4 1337.5 13.3. 11.29 150.157
1This experiment is performed under 99% Ar + 1% H2gas flow conditions and is NOT
considered for calibration
2This experiment i~ performed under 99% Ar + 1% H2gas flow conditions and
is considered for calibration
Ge, Zn and Au have been found not to be suitable for calibration
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Table 5.2 - Rate of deposition for sputter deposited copper
Power 50W 100W 150W
Time of Deposition 10 min .. 5 min 5 min
-
Thickness in A0
240 270 523
2~_1 295 574
270 322 489
320 334 485
290 527
312 523
214 315 529
262 312 547
299 294 536
256 321 548
320 518
315 516
235 337 529
240 350 524
314 290 500
266 315 480
Mean 262 312 521.75
Standard Dev 33.72 20.28 24.613
Deposition Rate 0.43 AO/sec 1.04 AO/sec 1.73 AO/sec
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Table 5.3 - Substrate temperature measurement in vacuum
Preset Temp Temperature measured (in °C)
in °c
TC1 TC2 TC3 TC4 TC5
100 70.6 73.2 73.3 66.5 68.8
200 146.9 152.6 154.1 138 143.6
300 230.9 239.2 242.9 217.8 226.4
400 313.7 321.9 327.1 292.7 303.1
500 391.1 400.1 409.3 363.5 377.7
600 468.1 477.7 496.7 434 455.3
700 543 558.8 584.9 500.7 530.6
800 616 635.1 677.3 565.9 607
900 684.4 703.6 762.2 627.6 682.3
1000 750.8 768.8 843.6 686.3 757.5
1100 814.6 830.5 937.8 749.2 827.2
TC =Thermocouple
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Table 5.4 - Effect ofThennal lag correction on Power-Compensated
Differential Scanning Calorimetry (DSC)
Indium sample with a theoretical melting onset temperature of 156.6 °c used
AI sample holder (Correction Factor: 127)
Heating Rate Onset Temperature
in °C/min inoC
5 152.59
40 153.76
80 154.80
160 156.96
Pt sample holder (Correction Factor: 135)
Heating Rate Onset Temperature
in °C/min inoC
5 152.39
40 153.34
80 154.14
160 156.87
""
83













I\,
Figure 3.1 - Photograph ofthe EPI/SVT Ultrahigh Vacuum (UHV)
sputtering system usedfor the study
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,Figure 3.1 - Photograph of the EPIISVT Ultrahigh Vacuum (UHV)
sputtering system used for the study
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Figure 3.2 - Schematic diagram ofthe EPI/SVT Ultr$igh Vacuum (UHV)
sputtering system (BPI, 1996)
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Figure 3.3 - Photograph ofthe control unit for the sputtering system
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Figure 3.3 - Photograph of the control unit for the sputtering system
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Figure 3.4 - Photograph ofthe Differential Thennal Analysis (DTA)
equipment used for the study
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Figure 3.4 - Photograph of the Differential Thermal Analysis (DTA)
equipment used for the study
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Figure 3.5 - A sketch ofthe Differential Thermal Analyzer (DTA)
used for the study (Du Pont, 1987)
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Figure 3.8 - Photograph ofthe Differential Scanning Calorimetry (DSC)
equipment used for the study
,
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Figure 3.8 - Photograph of the Differential Scanning Calorimetry (DSC)
equipment used for the study
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,Figure 3.10 - Photograph ofthe profilometer'used for the study
106
"J
r
Figure 3.10 - Photograph of the profilometer used for the study
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Figure 3.11 - Sample preparation for thickness measurement
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very few spots (Cooper et ai., 1969)
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Figure 5.8(a) - DTA result of eu sample
133
4
I',..~,...
3
~~ 2()
0
-Q)
(,) 1c:
~
Q)
=is 0~
::s
-e
-1Q)
Co
E
Q)
I-
-2
-3
· ., .
. .. .. .. .. .. - ~ .. - . . . . ' ~ - - .. .. ... ... .. .. . . .. .. ..
....... : ~ . . . . . .. .: . .. ";. -.. - : : - . - . ":' - - ..
· . . ., . . .
· . . . . . .
· . . . . . .
, . . . . . .
, . . . , . ,
: • I • , • •
• • I • , ,
.... -.. ~ ~ -: : ~ -.~ ~ .
• , I • •
· . , . .
· , , , .
, • • I ,
, , , , ,
, . , ,
, "
. , .
........' .: \. -- - .
, , . . , . .
• I • • , • •
• • I , • • •
, . . , . , , .
, . . , . ,
, , . , . ,
· , . . . ,
· , . . . .
.. - ' ; .. .. .. . .. .:.... .. :... .. : ~ ," ..
.............: ~ -- ; ~.. . ;. ~ - : - .
• • • • • I •
: : : : : : :
: : : : : ~ ~
~ --~---------------- -4-~~-----~~
2900 3000 3100 3200 3300 3400 3500 3600 3700
Time (s)
Figure 5.8(b) - Heating Curve of ~u sample
134
8.4
· , , , .
-l--y ~ 1.9579$+112" $A<-0.064792x) R= 0.999$4
· , . . . .
, , . ,
8 2
-., - .
. . : : : : :
· ,..
: : \ : : :
, ,,,
· . .
" ~__ __6.8,__
3958
------------"--------1
I • , • I I
· . . . . . . .. . ~ . _.: _:1'. ~ . - .. - ~ - . ; . - - - : . - - .
~ , .
• " i--·-
· .. .
· .
· ' , .
.. .
" .
.. .
\
3961 396139613958 3959 3959 3960
· . - - . . .. .: - - -~ .. - ~ - - ~ - ~ - - .
· .
· , . .
· . . ,
· . . .
, . , .
, , , I
, . . .
· . . . . .
· - :.. - :- . .. .. . .. . .. ;. ~ ~ - ~ .
· . . . . .
· , . . , ,
.. ,.,
".
., ..
,
:' ". . , . .
• •••••••• I••••••••••• '. •••••••• _ • 1 • • •• • •••• .& •••••••••• ~ .
• I • • , ,
· , . . . ,
, • • I • •
• • I , • •
• • • I , ,
· " "
· " ..
· .. ,
· . . , .
· - . ~ ~ : : . . .. - , , .
· , . ,
· . . ,
· , , ,
, , . ,
· . . .
, , . ,
, . . .
· .
7
8
7.2
7.4
7.6
7.8Q)(.)
l::
~
Q)
:E:
Q
~
::::3
e
Q)
c.
E
Q)
I-
0-
o
-
Time (5)
Figure 5.8(c) - Cooling Curve of Cu sample
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Figure 5.9(a) - DTA result of eu sample under 99% Ar + 1% H2
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Scanning Calorimetry result of the 320 nm lNi/3Al multilayer sample
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Figure 5.27 • Power-Compensated DSC result of the 143 nm INb/3Al
multilayer thin film under 99% Ar + 1% H2 gas flow conditions
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